Introduction
Many researchers have contributed to the body of literature relating to wave propagation in porous media. Some of the earliest work by Biot (1956 ) present a mixture theory approach to the modelling of weak acoustic wave propagation in porous media, which has been used by various researchers to model both linear and non-linear problems. Baer (1988) and Powers et al (1989) present multiphase mixture theory models aimed at simulating the propagation of a compaction wave in a column of air-saturated granular porous media. In both cases, good agreement was obtained between the results of the numerical tests and experimental data for steady wave characteristics. Corapicoglu (1991) presents an extensive literature survey on work done in the field of mixture theory wave propagation modelling. This approach yields excellent results when modelling the propagation of linear waves in porous media. However, as the work of Rogg et al (1981) and Powers et al (1989) have shown, applying this technique to the propagation of nonlinear wave phenomena (i.e. shock waves) produces poor results. Levy et al (1996) state that the processes involved in shock wave propagation in a porous medium should be modelled using the multiphase approach. This involves the definition of a system of governing equations describing the mass, momentum and energy processes in each phase, and the interactions between individual phases. Various researchers have adopted the macroscopic continuum approach to modelling flow in porous media, as opposed to the theory of mixtures. This involves the introduction of a macroscopic Representative Elementary Volume (REV) over which the extensive variables are averaged. The advantage of this method is that it yields information about the geometry of the porous medium that is not available using the mixture method. Hassanizadeh and Gray (1979a , 1979b , 1980 ) present a continuum approach technique to macroscopically average the mass, momentum and energy equations for an n-phase porous medium. The macroscopic balance equations for an abrupt pressure wave propagating through a porous domain were developed by Bear and Sorek (1990) . The resulting two-phase system of macroscopic balance equations was evolved in time to reveal four distinct periods of behaviour. Firstly, a period of uniform pressure, temperature and stress distribution. This occurs at the instant the porous medium is subjected to the abrupt change in pressure. Secondly, a period of non-linear wave propagation that is dominated by convection. This is characterised by a sharp, welldefined compaction wave propagating in the porous medium. Thirdly, a period in which dissipative effects start to become apparent. The compaction wave in the porous layer starts to be more affected by the interaction with the internal surfaces of the porous medium. Finally, a period dominated by dissipative terms. The viscous dissipation caused by friction on the internal surfaces characterises the flow. This work was extended by Levy et al (1995) to provide a more accurate representation of the momentum and energy processes resulting from the action of the fluid on the internal surfaces of the porous medium. This was achieved by including the Forchheimer term in the macroscopic balance equations, which had been neglected in the model presented by Bear and Bachmat (1990) .
Several numerical and experimental studies have been performed to examine the effects of shock wave reflection from a sample of porous medium mounted at the end of the driven section of a shock tube. Levy et al (1993) present a shock tube study to examine a shock wave impinging on a sample of rigid ceramic foam. From the experimental observations, Levy et al (1993) deduced a phenomenological model to account for the behaviour of the shock wave reflected from the front edge of the porous medium sample.
This model suggested that, as the shock wave impinges on the front edge of the porous medium, a proportion of the wave would be reflected while the rest would propagate inside. The compaction wave penetrating the porous medium could be viewed as a sharp front that sweeps through it. As this compaction wave propagates, parts of it would be reflected from the internal surfaces of the porous medium. Some of these reflected wavelets would exit from the front edge of the porous medium and serve to strengthen the initially reflected wave. Levy et al (1996) presented a theoretical model of the shock tube problem studied in Levy et al (1993) . A numerical formulation of this model was derived by the application of the high-order finite difference method of Harten (1983) .
Numerical solutions were obtained based on the experimental test cases given in Levy et al (1993) . Torrens and Wrobel (2002) presented a numerical model, based on the application of the Weighted Average Flux (WAF) method of Toro (1992) , to the theoretical model of shock wave flow in porous medium discussed in Levy et al (1996) . The numerical model was used to generate solutions for a shock tube problem where the domain was occupied entirely by a porous medium. In order to increase the accuracy of the solutions while preserving stability, various TVD flux limiting functions were applied to the WAF based formulation. It was found that the Superbee limiter of Roe (1983) was the most suited to the application.
Two new studies are presented in this paper. The first is an experimental study of a layer of porous media mounted in the middle of the driven section of a shock tube. The second is a numerical study using the model presented by Torrens and Wrobel (2002) to simulate the experimental test cases. A comparison between the numerical and experimental results is presented, and a phenomenological model is proposed to account for the transmitted wave behaviour as the shock wave leaves the porous medium.
Governing Equations
In this section, the one-dimensional system of multiphase equations governing the mass, momentum and energy processes in the porous medium are presented. The complexity of the porous medium geometry renders standard microscopic level continuum analysis impractical. Applying volume and areal averaging techniques to the equations governing the microscopic transport of extensive quantities (mass, momentum and energy) over a macroscopic REV results in six macroscopic balance equations describing the fluid and solid mass, momentum and energy processes.
The full system of macroscopic balance equations, obtained under a set of simplifying assumptions discussed by Levy et al (1996) and Torrens and Wrobel (2002) , along with the constitutive relationships for stress and strain in the solid matrix and the equation of state for the gas, are given in the form:
where u α and ρ α are the velocity and density of the α phase (α may be f for the fluid phase or s for the solid phase), and φ denotes the macroscopic porosity of the porous medium, given by:
where ρ bulk is the bulk density of the porous medium.
where P is the pressure, C T is the tortuosity constant describing the directional cosines of the fluid path through the porous medium, and C F is the Forchheimer constant.
where T α and c α are the temperature and specific heat capacity at constant volume in the α phase.
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The effective stress in the solid matrix may be expressed in the following form:
where L 1 and L 2 are the Lamé constants for the solid matrix, T s0 is its initial temperature and ε, the macroscopic strain as a function of porosity, is defined by: 
where R is the gas constant for air.
The previous system of governing equations may be represented in vector form as follows:
where the conserved variable vector, U, is given by:
in which r α is the mass fraction in the α phase, m α is the momentum in the α phase and E α is the energy in the α phase. These conserved variables are defined for the fluid phase by:
and for the solid phase by:
The flux vector F(U) is given by:
where the effective stress in the solid is given by: 
where γ is the ratio of specific heats for air, and the subscript s0 denotes an initial value.
Note that equations (15) and (16) are the constitutive laws governing the stress-strain relationships in the solid and fluid phases, respectively.
The source vector, Q, is given by: 
Levy et al (1996) state that the porosity gradient term in the source vector is assumed to be small. If it were to be large, the nature of the system of equations represented by equation (10) would not be hyperbolic. This would preclude the formation of nonlinearities in the solution domain.
Solution Strategy
The complexity of the macroscopic balance equations described in the previous section renders a solution by analytical means impossible. This means that a solution may only be achieved by the application of a numerical method. This section presents the numerical techniques that were applied to solve equation (10).
The one-dimensional domain was divided into n computational cells and the shock tube problem initial data, denoted by U n (where n=0 as the shock tube diaphragm is removed), was applied piecewise constant to each cell. In order to solve equation (10) The intercell flux and source vector terms must be calculated before the solution may be updated. In respect of the latter, it is simply a matter of inserting the values from the conserved variable vector, n i U , into the source vector (17). However, in order to evaluate the flux terms, the Riemann problem must be solved at each intercell boundary. This was achieved by the application of the WAF method of Toro (1992) , coupled with the Superbee flux limiter method of Roe (1983) , to impose a TVD condition on the solution. Regions 1 and 7 represent the known states in the i and i+1 computational cells. Regions 2 to 6 are the star states where the conserved variables are unknown. In order to implement the WAF and Superbee methods, an explicit knowledge of the conserved variables and fluxes in the star regions is required. In order to achieve this, the method of Roe (1981) was adopted. This involves linearising equation (10) by the introduction of a parameter vector averaged across the known states U 1 and U 7 . This results in a constant Jacobian matrix, Ã . The eigenvalues, eigenvectors and wave strengths of Ã were found symbolically using Mathematica, and are presented in full by Torrens and Wrobel (2002) .
Each of the six characteristics in the solution domain illustrated by figure 1 has an eigenvalue, an eigenvector and a wave strength associated with it. The star state conserved variables were calculated using the following expression: 
where F k denotes the flux in the kth region and β k is the weight, which may be given by: In defining the initial value problem, it was assumed that the air in the shock tube is initially quiescent, the temperature in the solid and fluid phases is 293 K at all points in the domain, and the specific heat capacities of the solid and fluid are 718 kJ/kg/K and 870 kJ/kg/K, respectively. The initial pressures and porous medium geometry coefficients are given in table 1. This information was used to calculate the conserved variable vectors U L , U R1 and U R2 , which may be defined by: 
The grid sensitivity of the present numerical scheme was examined in Torrens and Wrobel (2002) . To effectively model a 1.6 metre long domain, occupied entirely by porous medium, at least 400 computational nodes were required. The total number of computational cells used in the solution to the system (10) with initial conditions (28) was 400, with 50 of the cells being placed on the porous medium. Tortuosity constant 0.7
Table 1: Initial parameters for validation of configuration (c)
Figures 3 and 4 show pressure-time curves of the numerical solution to the problem defined by (29). These correspond to the two observation points at which the pressure was measured at each time step. These were positioned 10 cm behind and 10 cm ahead of the air/porous medium interface. The pressure history in figure 3 is initially at atmospheric pressure, as the observation point is positioned in the driven section. When the shock wave reaches it, the pressure jumps to approximately 180kPa (the magnitude of the initial shock wave). The same pressure is observed until the reflected shock wave from the air/porous medium interface reaches it. The pressure then jumps to approximately 250kPa. These pressure values are consistent with the values predicted by Levy et al (1996) . The shape and magnitude of the pressure-time curve in figure 4 also correspond well with those of Levy et al (1996) . 
Experimental Study
This section details the methods used to obtain experimental pressure histories of the shock wave reflected from the front edge of the porous medium layer and the wave transmitted from the back edge. The experimental study of shock propagation through a layer of porous medium was carried out in a shock tube with internal diameter of 55 mm. Each experimental set was repeated five times, although the porous sample was not changed during the repeatability tests. The reason for this was twofold: first, preliminary tests indicated that the porous material was sufficiently strong not to undergo any physical damage as a result of the interaction with the shock wave; and second, to ensure repeatability was not compromised.
Because the shock tube was constructed from a plastic material, it was susceptible to vibration. This vibration was transferred through the body of the tube to the pressure instrumentation. As a result of this, there is inherent noise in every experimental pressure history presented herein.
Comparison between Experimental and Numerical Results
The experimental test cases described above were simulated using the WAF based numerical formulation of the system of equations (10). In order to achieve this, it was necessary to define several key material constants relating to the three grades of porous medium. These were the Lamé constants, the Forchheimer coefficient, the tortuosity coefficient and the density of the solid substrate. The porous medium under consideration was the same material used by Levy et al (1993) in their experimental investigation of shock wave interaction with a sample of porous medium mounted at the end of a shock tube. They presented material constants for the 10, 20 and 30 ppi porous samples, which are detailed in table 2. illustrates a comparison for the second transducer position (i.e. after the porous layer). A phenomenological model of the interaction of a shock wave with the front edge of a rigid porous foam is examined in detail by Levy et al (1993) . This model serves to clarify the behaviour observed in the shaded regions in figure 6(a)-(c) . The first shaded region shows the initial shock wave, resulting from the diaphragm burst, as it passes the first transducer. The second shows the wave reflected from the front edge of the porous layer.
The third shows an increase in pressure behind the reflected wave due to reflections from internal surfaces of the porous medium, emerging from its front edge and travelling back up the shock tube. Figure 6 Consider firstly assumption (a). On entering the porous layer, the shock wave is subject to many internal surfaces with which it may interact. Levy et al (1995) present an evolution on the governing macroscopic balance equations. They identified four distinct time periods in which the behaviour of the equations changes from convection-dominated to diffusion-dominated. The first is a period of uniform pressure, temperature and stress distribution. This occurs at the instant the porous medium is subjected to the abrupt change in pressure. The second is a period of non-linear wave propagation that is dominated by convection. This is characterised by a sharp, well-defined compaction wave propagating in the porous medium. This is the time period that is most effectively 
Phenomenological Model
Skews et al (1992) presented a phenomenological model to account for the behaviour of compressible porous foams under shock loading conditions. This model was extended by Levy et al (1993) to explain experimental observations made for shock wave interaction with rigid porous foams, for the specific case of the porous medium shock tube problem configuration illustrated in figure 2(c) where a porous medium sample is mounted in a shock tube with its back edge flush with the tube end wall. Figure 9 shows a characteristic plot illustrating this configuration.
Four types of characteristics can be seen in figure 9 . These are the initial shock wave incident on the front edge of the porous medium (S I ), the reflected shock wave (S R ), the compaction wave transmitted into the porous medium (C T ), and the dispersed compaction waves resulting from reflections from internal surfaces (C R ). The latter type of characteristic is shown by broken lines. Part of these waves propagate towards the end wall and are reflected, while compaction waves are reflected out of the front edge of the porous medium. It can be seen in the figure that the reflected shock wave is strengthened 28 as a result of the superposition of the compaction waves emerging from the front edge of the porous sample. (1993) Figure 10 shows a characteristic diagram of the proposed extension to the phenomenological model of Levy et al (1993) . In this case, five distinct waves groups appear in figure 10 , the same four as in figure 9 and an extra wave transmitted from the back edge of the porous layer (S T ). The dispersed compaction waves are shown as broken lines.
The extension of the model lies in the transmission of the compaction wave (C T ) from the back edge of the porous sample back into the single-phase shock tube. The main compaction wave transmitted through the porous medium emerges from the back edge and forms a shock wave (S T ) which continues to propagate down the shock tube. The forward running dispersed compaction waves emerge from the back edge of the porous x medium. As with the reflected shock wave, these dispersed compaction waves serve to strengthen the transmitted shock wave. This extension to the phenomenological model is based on observations made of the sensor two pressure histories previously shown. balance equations has been utilised to carry out a study of shock wave propagation through a layer of a rigid porous medium. This differed from previous studies in that the compaction wave propagating through the porous layer was transmitted into the single phase flow at the back face of the porous layer. A shock tube based experimental study was performed for the purpose of validating the numerical model. Excellent agreement was observed between the experimental and the numerical results for the wave reflected from the front edge of the porous layer. However, the correlation between the experimental and numerical results of the wave transmitted from the back edge of the porous layer was not as good. This was thought to be caused by modelling assumptions that result in neglecting viscous dissipation and flow irreversibilities that occur within the porous medium.
The increase in strength of the wave transmitted from the back edge of the porous layer was caused by the accumulation of dispersed compaction waves resulting from reflections from the internal surfaces of the porous layer. This inference led to the phenomenological model that has been proposed to describe the wave behaviour before and after the porous sample.
